A new global tomography approach has been used to study the deep structure and dynamics of hotspots and mantle plumes. In this approach, depth variations of the Moho, 410 and 660 km discontinuities are considered, the Earth structure is expressed by seismic velocities at grid nodes instead of blocks, and ray paths and travel times are calculated with a 3-D ray tracing technique. Prominent plume-like slow anomalies are detected under major hotspot regions from the crust down to the core^mantle boundary (CMB). Hotspots in Hawaii, Iceland, South Pacific and East Africa are located above slow anomalies in the lower mantle down to the CMB, suggesting that the mantle plumes under those hotspots may originate from the CMB. However, there may be some small-scaled, weak plumes originating from the transition zone or middle mantle depths. The slow anomalies under hotspots usually do not show a vertical pillar shape, which suggests that plumes are not fixed in the mantle but can be deflected by the mantle flow. As a consequence, hotspots are not fixed but can wander on the Earth's surface, as evidenced by recent geomagnetic and numerical modeling studies. ß
Introduction
Hotspots are centers of massive volcanism not linked to plate boundaries, such as Hawaii or Iceland, and they are commonly explained by mantle plumes. Island chains such as the Hawaiian^Em-peror chain could be viewed as the tracks left on the moving plate by a ¢xed source beneath it [1] . The ¢xed source could in fact be partial melting of hot materials supplied by mantle plumes, which are thin, cylindrical upwellings of hot, low-viscosity material [2] . Plume material ascends buoyantly from a basal thermal boundary layer (which might be either at the base of the mantle or upper mantle), eventually interacting with the lithosphere at relatively shallow depths [3^5] . Hotspots have an irregular but non-random distribution over the Earth's surface. They are preferentially located near divergent plate boundaries (midocean ridges) and long-wavelength geoid highs, and are preferentially excluded from regions near the convergent plate boundaries [6, 7] . In addition, hotspots are generally located above low seismic velocity regions in the lower mantle [8] and ultra-slow-velocity patches on the core^man-tle boundary (CMB) [9] .
Hotspots and mantle plumes have been extensively studied using numerical simulations with surface observables such as bathymetry, gravity and heat £ow over hotspots as constraints (e.g. [5, 6, 10, 11] ). Many of these models provide quantitative predictions of mantle £ux; however, the plume diameter and temperature anomaly are not well constrained by these models. Seismology provides an alternative approach for obtaining information on the structure of mantle plumes. Local and regional tomographic images have been made of plumes. These models provide high-resolution images of plumes in the upper mantle, but cannot determine the deep structure and provide little information on the depth extent and origin of plumes (e.g. [12^14]). The global tomographic approach to studying mantle plumes provides lower-resolution images of plumes in the entire mantle (e.g. [15, 16] ). Di¡raction and core phase data were used to determine the plume structure at the base of the mantle [17, 18] . Waveform modeling and other seismological methods are also used to study plume structures [19^21] . 
Method and data
During the last two decades many workers have studied the three-dimensional (3-D) structure of the mantle (e.g. [8, 15, 22, 23] ). Here I propose a new 3-D P-wave velocity model of the mantle. This model has three distinct features when compared to previous models. First, the topography of mantle discontinuities is taken into account in the tomographic inversions. The Moho depth ranges from about 10 km under oceans to 40^70 km under the continents [24] . The 410 and 660 km discontinuities exhibit depth variations of up to 36 km on a global scale [25] . Such large depth changes of the discontinuities would greatly a¡ect the travel times and ray paths of seismic waves, and hence their topography should be taken into account in the tomographic inversions. Local and regional tomographic studies have recognized the in£uences of the discontinuity depth variations and showed that the resulting 3-D velocity model ¢ts the data better when the discontinuity topography is considered [26, 27] .
Secondly, a grid parameterization [26, 27] was used to express the Earth structure. Previous global tomographic studies expressed the Earth structure using blocks [15, 23] or spherical harmonic expansions [8, 22] . In the block models, the medium under study is divided into cubic blocks, seismic velocity in each block is assumed to be constant, and the velocity changes abruptly from block to block. Thus, arti¢cial velocity boundaries are introduced into the model between blocks. The spherical harmonic approach is hard to image localized anomalies such as subducting slabs and magma chambers. With the grid approach, a 3-D grid in the whole mantle is set up ¢rst. Then velocity perturbations at the grid nodes from the starting one-dimensional velocity model [28] are considered as unknown parameters. The velocity perturbation at any point in the model is computed by linearly interpolating the velocity perturbations at the eight grid nodes surrounding that point. Thus, in the grid model there are no arti¢cial velocity boundaries as existing in the block models. The grid models can image both localized and large-scale anomalies [29] .
Thirdly, an e¤cient 3-D ray tracing technique [26] is used to compute travel times and ray paths. This technique is adaptable to a velocity model with complex velocity discontinuities and with 3-D velocity variations everywhere in the model. The principle of this ray tracing scheme is to use the pseudo-bending algorithm and Snell's law iteratively to perturb an initial ray estimate until a converged solution (the ray with the shortest traveltime) is found [26] .
Then a system of observation equations is constructed that relates the observed travel times to hypocentral and velocity unknown parameters. The LSQR algorithm [30] with damping and smoothing is used to conduct inversions of the observation equations. Hypocenters are relocated in the inversion process.
This new tomography approach was applied to arrival times compiled by the International Seismological Center (ISC) between 1964 and 1998, which were reprocessed by Engdahl et al. [31] . The continental regions are generally well covered by the ISC stations, while the oceanic regions are poorly covered (Fig. 1a) . A total of 7128 events were selected that were recorded by over 50 stations with errors in hypocentral locations of 6 7 km for most of the events (Fig. 1b) . Their focal depths are well constrained by the use of depth phases (pP) [31] . In addition to ¢rst P arrivals, three types of later phases were used in the tomographic inversions. They are the depth phases (pP), surface re£ected waves (PP), and core re£ected waves (PcP). Surface topography and bathymetry as well as the Moho depth variations are considered at the bounce points of pP and PP rays. In total, approximately one million arrival times were used in the tomographic inversions. 
Analyses and results
To evaluate the adequacy of the ray coverage and spatial resolution I ¢rst conducted a checkerboard resolution test [26, 27] (Fig. 2) . A checkerboard was made by assigning positive and negative velocity anomalies to the 3-D grid nodes. Synthetic arrival times are calculated for the checkerboard model. The numbers of stations, events and ray paths in the synthetic data are the same as those in the real data. Then the synthetic data were inverted with the same algorithm as used for the real data. The resolution is considered to be good for areas where the checkerboard image is recovered. In the preliminary analyses, grid nodes are set up in the whole mantle with a grid spacing of 5³ laterally and 15^330 km in depth (Fig. 2) . In the upper mantle the resolution is good under the continental regions but poor under oceans. For the lower mantle, the spatial resolution is generally good except for southern hemisphere (Fig. 2) .
Two more synthetic tests were conducted with the same procedure as the checkerboard test except for the input model (Figs. 3 and 4) . Plumelike slow anomalies in the entire mantle under Hawaii, Iceland and South Paci¢c are well recovered (Fig. 3) . Slow anomalies in the upper mantle are also reconstructed with little smearing to the lower mantle (Fig. 4) . We made a number of such synthetic tests by changing the diameter of the plumes. The results show that the global tomography can resolve a narrow plume of about 300 km wide under Iceland and 500^600 km wide under Hawaii, South Paci¢c and East Africa.
The tomographic images obtained show prominent slow anomalies under the hotspot regions from the crust down to the CMB (Figs. 5^7) . The slowest anomalies in the lower mantle appear under the South Paci¢c and Africa where many hotspots exist (Fig. 5) . Strong and wide high-velocity anomalies exist in the transition zone and moderately fast anomalies exist in the lower mantle under the subduction regions (Fig. 5) . This result may suggest that most of the slab materials are stagnant for a long time in the transition zone before ¢nally dropping down to the lower mantle. The images of subducting slabs will be discussed in detail in a separate paper.
A unique feature of the present study is that the depth variations of the Moho, and the 410 and 660 km discontinuities [24, 25] have been considered in the tomographic inversions. The e¡ect of the discontinuity topography on the velocity tomography was evaluated by conducting several inversions with the same data set and method but assumed the Moho, 410 and 660 km discontinuities are £at. Only the major results of these inversions are presented here. Details of this analysis will be described in a separate paper. The overall patterns of the global velocity images are stable, but there are considerable changes in the amplitude and pattern of velocity anomalies in regions where the discontinuities have large depth variations. For some areas such as Australia, the amplitudes of velocity anomalies in the transition zone are changed by a factor of 2. We conducted a number of inversions by changing the grid spacing, damping, smoothing and data sets. In general, the ¢nal travel time residual for the models including the discontinuity topography is reduced by 6^9% as compared to the models with £at discontinuities. This indicates that it is necessary to consider the discontinuity topography in the tomographic inversions in order to determine the mantle structure better.
Discussion

Depth origin of plumes
Most of the surface hotspots are located above the slow anomalies or their edges in the lower mantle down to the CMB (Fig. 5) . Kuo et al. [18] found the same pattern for the correlation C Fig. 5 . P-wave velocity perturbations from the average velocity for depth slices of the mantle. The depth of each layer is noted above each map. Red and blue colors denote slow and fast velocities, respectively. The velocity perturbation scale is shown at the bottom. Solid triangles denote the surface hotspots. between the hotspots and slow anomalies in the DQ layer. Many hotspots are also located above the ultra-slow-velocity patches on the CMB [9] . These results suggest that many mantle plumes under the hotspots may originate from the CMB. However, there are some hotspots that do not lie above the CMB low-velocity (low-V) areas (Fig. 5) . Those hotspots could be: (a) associated with highly localized (and as yet undetected) low-V zones, (b) produced by lateral £ow or de£ection of plumes [5, 11, 32] , or (c) derived from a di¡erent depth or through a di¡erent process than the hotspots with CMB-associated low-V areas [9, 33] .
Strong plumes (e.g. Hawaii) could originate at the CMB but weak plumes may rise from the transition zone if there is a thermal boundary layer there [10] . For example, some hotspots in South America and Africa may originate in the upper mantle through small-scale convection at the edges of continental cratons [34] . Thus, some mantle plumes may only extend to the upper mantle.
De£ection of plume conduits
The slow anomalies under hotspots usually do not show a vertical pillar shape (Figs. 6 and 7) . This suggests that plumes are not ¢xed in the mantle but can be de£ected due to the in£uences of mantle £ow (e.g. [32, 35] ). Recent numerical experiments show that plume conduits can be tilted, with source regions at the DQ layer moving in the lowermost mantle £ow, generally toward large-scale upwellings under South Africa and the south central Paci¢c [11] . Hotspot surface motion often represents the horizontal component of midmantle £ow, which is frequently opposite to plate motion (i.e. toward ridges and away from subduction zones) [11] .
A large low-V zone exists from the surface to about 2000 km depth west of the island of Hawaii (Fig. 6a) . A fast anomaly is visible from about 1500 km depth to the CMB south of Hawaii (Fig. 6b) . A low-V zone in the depth range of 670^1500 km under Hawaii seems to connect with a large low-V zone from 2000 km depth to the CMB north of the island of Hawaii, which looks like a mantle plume feeding the Hawaiian hotspot (Fig. 6b) . This result is consistent with a recent di¡raction tomography [17] . A whole-mantle vertical low-V zone is visible under Iceland (Fig. 6c) , being similar to the tomographic images determined recently by Bijwaard and Spakman [15] . The Iceland plume appears to be narrow in the east^west direction (Fig. 6c) but is wider in the north^south direction (Fig. 6d) which was also noted by Foulger et al. [13] . The low-V zone extends toward the south at depths shallower than about 400 km (Fig. 7d) , which may be associated with the Iceland hotspot being located on the North Atlantic mid-ocean ridge. A part of the hot upwelling materials from the Iceland plume head may £ow along the Reykjanes Ridge, south of Iceland [5] . Foulger et al. [13] proposed that the Iceland plume extends down to the mantle transition zone and no deeper. However, their tomographic images are based on the data recorded by a local seismic network and so have no resolution below the transition zone. The present global tomography and that of Bijwaard and Spakman [15] show that the Iceland plume extends down to the CMB (Figs. 5 and 6c), which are con¢rmed with the synthetic tests (Figs. 3b and 4b) .
Under the South Paci¢c and East Africa, huge slow anomalies ( s 1000 km wide) are visible in the mantle (Fig. 7) , which may represent superplumes [16, 36, 37] . Steinberger [11] calculated the motion of hotspots in East Africa and the deformation of their underlying plume conduits with models of global mantle £ow and suggested the presence of comparatively broad upwellings rather than localized plumes. This may explain the large and complex geometry of the low-V zones as imaged under East Africa (Fig. 7c,d) .
As a consequence of the de£ection of mantle plumes, hotspots would not be ¢xed during the geological history but could wander on the Earth's surface, as suggested by the geomagnetic and numerical modeling studies, though their relative moving velocities are much smaller than that of the lithospheric plates [11, 35, 38] . Mantle plumes and hotspots are a time-dependent phenomenon [4] . Plumes begin with an instability in the thermal boundary layer and decline when the hot material in the thermal boundary is tapped by the plume faster than it can be regenerated by the thermal conduction from below and recharged by in£ux from the sides. Alternatively, £ow in the mantle locally may thicken the boundary layer faster than it is tapped by the plume.
Magma production rate of hotspots
The size of mantle plumes as seen in Figs. 5^7 is not directly related to the extent of magma production at the hotspots. For example, the very large slow anomaly beneath the South Paci¢c (Fig. 7a,b) may feed magma to several hotspots clustered there (Marquesas, Tahiti, and Cook). None of these hotspots or their total melt production rate are comparable to that of the Hawaiian plume [3] . The velocity anomaly related to the Hawaiian hotspot, however, is smaller in size and amplitude (Fig. 6a,b) .
In a standard plume model (e.g. [39, 40] ), the melt production rate of a given hotspot can be calculated from the potential temperature of the upwelling £ow, the net £ux of the upwelling, and the thickness of the lithospheric lid. The relatively large magma production rate of the Iceland hotspot compared with the Africa and South Paci¢c hotspots may be due to the very thin lithosphere beneath the Iceland hotspot. Likewise, the largescale upwelling beneath South Africa (Fig. 7c,d ) may yield smaller melt production than that beneath the South Paci¢c (Fig. 7a,b) because the African cratonic lithosphere is much thicker (V200 km thick) than that of the South Paci¢c (60^80 km thick) [41] . Given the very large magma production rate of the Hawaiian hotspot with a moderate lithosphere thickness (V80 km), its potential temperature should be much higher than other hotspots. The upwelling £ow may be concentrated due to the low viscosity of this hightemperature plume. A narrow conduit would be di¤cult to image using current tomographic techniques.
An alternative explanation for the di¡erence in the magma production rate among the hotspots is the presence of variable amounts of eclogite (recycled old oceanic crust) entrained within a plume [42, 43] . A signi¢cant eclogite component in the Hawaiian plume has been postulated (e.g. [44] ).
Based on high-pressure experiments, Takahashi and Nakajima [45] proposed that the silica-rich tholeiite basalt magma at the ¢nal stage of Koolau volcano is almost pure partial melt of eclogite. They also proposed that picritic primary magmas in other Hawaiian volcanoes (e.g. Kilauea) are melting products of recycled eclogite together with surrounding peridotite. According to this interpretation, the very high magma production in the Hawaiian volcano is explained by a large amount of entrained eclogite in the plume and its potential temperature does not need to be higher than other less productive mantle plumes [45] .
Excess temperature of plumes
Seismic velocity variations are a¡ected by many factors, such as temperature, composition, partial melting, £uids, cracks, etc., but we still have no e¡ective tools to discriminate between these contributions. If we assume that the slow velocities under the hotspot regions are entirely caused by high temperatures, we may use the method of Karato [46] to estimate the excess temperatures of the plumes, which gives values in the range of 200^300 K. This is compatible with the estimates from numerical experiments [10, 11] . But the amplitudes of the velocity anomalies we obtained have some uncertainties due to the damping and smoothing in the inversion process.
The temperature anomaly beneath the South Paci¢c has been estimated from the thinning of the mantle transition zone [37] . The excess temperature they estimated for the South Paci¢c plumes is only 100^200 K, which is similar to that for the Iceland plume [19] . These temperature anomalies are smaller than the excess potential temperature estimates (about 300 K) based on the standard theory [39, 40] but are consistent with the estimates from melting experiments of basalt/peridotite hybrid source [45] .
Conclusions
A new tomographic model of the mantle is determined by using a grid parameterization and a 3-D ray tracing technique and considering the depth variations of the Moho, 410 and 660 km discontinuities. Detailed resolution analyses and synthetic tests were conducted to con¢rm the major features of the obtained tomographic images. Plume-like slow anomalies are imaged clearly under hotspot regions from the crust down to the CMB. Hotspots in Hawaii, Iceland, South Paci¢c and East Africa are located above the slow anomalies or their edges in the lower mantle down to the CMB, suggesting that mantle plumes under those hotspots may originate from the CMB. However, there may be some small-scale, weak plumes originating from the transition zone or middle mantle depths. The slow anomalies under hotspots usually do not show a vertical pillar shape, indicating that plumes are not ¢xed in the mantle but can be de£ected by the mantle £ow. Thus, hotspots may not be ¢xed but can wander on the Earth's surface, as suggested by the recent geomagnetic and numerical modeling studies.
